bution in mimosa epicotyls and potato leaves show different trends (3, 28) . While the size class distribution of polysomes was unaffected in mimosa, relatively larger polysomes were isolated from potato leaves after a short cold-hardening treatment. All of these previous studies have been carried out on different plant tissues subjected to various periods of time at either cold-hardening or nonhardening growth temperatures. It is not clear whether the differences observed are due primarily to growth at low temperature or simply to differences in species or developmental stage of the plants used.
In order to clarify some of the above points and further understand the contribution of protein synthesis to cold acclimation, we have initiated a systematic study of protein synthesis in leaves of rye seedlings grown at low, cold-hardening temperatures (14) . In this paper, we report on a study of size class distribution, composition and stability ofcytoplasmic polysomes.
MATERIALS AND METHODS Plant Material. Winter rye seedlings (Secale cereale L. cv
Puma) were grown in vermiculite at a light intensity of 200 ,mol quanta m 2 s-' with a photoperiod of 16 h. RH3 and RNH seedlings were grown under a day/night temperature cycle of 5°C/5°C and 20°C/ 1 6°C, respectively. RH leaves were harvested after 63 to 70 d of growth at 5°C. Under these growth conditions, RH leaves of this age are at their maximum with respect to cold hardening (13) . RNH leaves were harvested after 21 to 28 d of growth at 20°C. RH and RNH plants produced under these conditions have been shown to be of comparable developmental stage ( 13) .
Polysome Isolation. The procedure used for isolation of polysomes has been described in detail previously (14) . Leaves were blended in liquid N2, resuspended in a standard buffer (3 ml/g fresh weight) which contains 200 mm Tris-HCl, 0.6 M sorbitol (0.9 M for RH rye), 200 mM KCl, 35 mM MgCl2, 12.5 mM EGTA, 15 mm DTT (pH 9.0) and then filtered through one layer of sterile Miracloth. The filtered mixture was centrifuged at 5,000gmax for 10 min in a HB-4 rotor. The majority of the total polysomes from the leaf tissues were recovered from the supernatant. MF were separated from MB by centrifugation (81 ,SOOgav, 15 min, SW 41 rotor) of the total polysome fraction as described (27) . The MB polysome pellet was resuspended in the extraction buffer. In order to free the polysomes from the 3Abbreviations: RH, cold-hardened rye; RNH, nonhardened rye; MB, membrane-bound polysomes; MF, membrane-free polysomes; S, ribomembranes in MB or total fractions, the membranes were first solubilized with Triton X-100 and sodium deoxycholate, both at 1% (w/v) final concentration. Quantity and purity of MB, MF, and total polysome fractions were evaluated as reported (14) . An E2-0% = 25 was used for RNA determination.
Subunit Isolation. Large and small ribosomal subunits from RNH and RH polysomes were obtained by dissociation of polysomes with puromycin as reported (2) except that 2 mm DTT was included in all solutions.
Polysome and rRNA Stability. The melting point of the total polysome fraction was determined by the published technique (1) . The melting point of large subunit rRNA was determined in 50 mM Tris-HCl (pH 7.5) buffer containing 0.08 mM MgCl2 (6, 18) . A Unicam SP876 Series 2 temperature controller in combination with a SP1800 UV spectrophotometer was used. Temperature was increased at the rate of 1.0°C/min. Melting curves were plotted on a X-Y recorder (Omnigraphic 2000, Houston Instruments).
Electrophoresis of Ribosomal Proteins. The polypeptide complement of polysomes was characterized by one-dimensional SDS-6 M urea-PAGE on a 10 to 14% linear gradient using the Laemmli discontinuous buffer system as previously described (14) . Gels were run at room temperature at 4.5 mA for 14 h. To calibrate the SDS-urea gels, the following mol wt protein standards were used: BSA, 68 kD; ovalbumin, 45 kD; carbonic anhydrase, 29 kD; and Cyt c, 12.5 kD. Following electrophoresis, the gels were stained with Coomassie blue R-250 (0.1% w/v) and destained with acetic acid-methanol ( 14) .
Ribosomal proteins freed of rRNA by the acetic acid method (16) were resolved by two-dimensional electrophoresis. Acidic proteins were separated by IEF in the first dimension (20) . The following proportion of ampholines (LKB Ampholyte) was used: pH 3.5 to 10, 1% (v/v); pH 5 to 7, 0.7% (v/v); pH 9 to 11, 0.3% (v/v) . Basic proteins were electrophoresed to the cathode at pH 5.5 in the first dimension (system 1) as reported (16) . In either case, the second dimension was carried out on a SDS-urea gel as described above.
DNA. DNA was extracted using the perchloric acid method (29) and estimated spectrophotometrically using an E0*°= 50 or by the diphenylamine method (29) . RESULTS Quantity and Purity of Polysomes. The integrity of isolated polysomes must be carefully preserved in order to obtain accurate quantitative estimates and to study their size class distribution (14) . In order to ensure preservation of polysome integrity from cold grown material, we first determined the optimal concentration of every component of the isolation buffer. The optimal concentration of every component, with the single exception of the osmoticum, was found to be identical to those previously reported for the isolation of RNH polysomes (14) . The quantity of polysomes was expressed on a DNA basis rather than on a fresh or dry weight basis since the dry matter of RH seedlings was found to increase from 12 to 29% over RNH seedlings of comparable developmental stage (13) . On the other hand, the DNA content appears to remain relatively constant during a cold-hardening treatment (4) .
Both mature RNH and RH leaves contain a larger proportion of free polysomes relative to bound polysomes (Table I ). Growth at low temperature resulted in an increase in the quantity of polysomes in all three fractions, MF, MB, and total polysomes. The quantities of bound, free, and total polysomes in RH leaves increased by factors of 1.5, 2.4, and 2.7, respectively. Therefore, the MF fraction increased to a greater extent than MB fraction. The larger increase in the MF fraction relative to the MB fraction resulted in an increase in the MF/MB ratio from 5.5 in RNH to 8.5 in RH leaves. Although the sum of MB and MF polysomes was similar to the amount of total polysomes isolated from RNH leaves, the sum of MF and MB polysomes represent only 80% of total polysomes from RH leaves. It is not possible to ascertain whether this result represents an incomplete recovery of MB and/or MF polysomes from RH leaves or an overestimation of the total polysome fraction. Whichever the case, the increase in the quantity of polysomes following the cold-hardening treatment is clearly significant.
Polysome purity was estimated using 260/280 and 260/235 ratios which supply information on the homogeneity ofpolysome fractions (15) . Our results show no differences in the degree of purity between MB, MF, and total RNH polysomes (Table II) . Polysomes isolated from RH plants also show an equivalent degree of purity. Finally, the high values of these ratios indicate that all these different polysome preparations are substantially free of contaminants.
Size Class Distribution of Polysomes. Polysome size class distribution was analyzed by sucrose gradient centrifugation (Fig.  1 ). The size class distribution is relatively constant in the bound, free, and total polysome fractions in RNH leaves (Table III) . Monosomes account for approximately 20% of the total RNH polysomes whereas small polysomes and large polysomes collectively account for 70% of the total. In addition, the ratio of large to small polysomes (LP/SP) indicates that polysome integrity was adequately protected. These results also show that during (Table III) . Although MF polysomes represent more than 70% of total polysomes in RH leaves, the size class distribution of total polysomes is more similar to the distribution observed in MB polysomes than in MF polysomes.
A difference between MF polysomes and both MB and total polysomes is that the free fraction is not detergent treated while the two others are. In order to verify whether the observed difference in the size class distribution resulted from an artefactual effect of detergent, Triton X-100 and DOC were added to 1% final concentration to aliquots of membrane-free polysomes.
The detergent-treated polysomes were incubated for 10 min at 4°C and centrifuged on a sucrose gradient. The results show clearly that RH polysomes are detergent sensitive, since the detergent-treated free polysomes give ratios similar to the MB and total polysomes (Table IV) . Consequently, the observed difference in the size class distribution between free and total polysomes isolated from RH leaves reflects a greater sensitivity of RH polysomes to detergents (Table IV) . (Fig. 2) . The basic ribosomal proteins were analyzed by two-dimensional electrophoresis using an acidic pH gel for the first dimension and a SDS gel for the second dimension. Under these conditions, the complement of basic ribosomal proteins from RNH and RH polysomes were found to be virtually identical (Fig. 3) . The acidic ribosomal proteins were analyzed by two-dimensional electrophoresis using an IEF gel for the first dimension and a SDS gel for the second dimension. Among the 12 RH acidic ribosomal proteins detectable on the gel, three polypeptides differ from the RNH acidic proteins. Two RH polypeptides of pls of 7.6 and 7.3 and of molecular size of 37 and 10 kD were observed. These same two polypeptides were absent in RNH gels although similar polypeptides of pIs of 7.9 and 7.5 and of 38.5 and 11 kD were present instead. Finally, the RNH polypeptide of pl 5.6 and 15.5 kD was also different from the RH polypeptide of pl of 5.7 and 15 kD (Fig. 4) the quantity of ribosomes on a DNA or a fresh weight basis thus merely reflects this relatively larger proportion of cytoplasmic volume in the cold grown plants. This last point may have been overlooked when DNA was suggested as a basis for expressing results obtained during studies on acclimation at low temperature (7) . It is unlikely that a simple increase in the quantity of ribosomes would be a significant factor with respect to acclimation to growth at low temperature.
In addition to quantity, however, several observations point toward subtle changes in the architecture of the ribosome or mRNA/ribosome complex which could relate more directly to acclimation to growth at low temperatures. RH polysome profiles are definitely skewed toward larger polysomes. Variations in polysome size class distribution have been reported for other tissues in response to applications ofhormone or during different stages of development or in response to low temperature (8, 9, intact tissues of overwintering pine buds, smaller polysomes were obtained on sucrose gradients (1 1). On the basis of our observation regarding the sensitivity of polysomes to detergent (Table  IV) , the loss of large polysomes in pine buds may be attributed to the use of detergent in the isolation of the free as well as the bound polysomes.
Since the isolation of membrane-bound polysomes requires the presence of a detergent (8) and since free polysomes from RH leaves are sensitive to detergent, the results obtained on size class distribution of both bound and total polysomes from RH leaves could be artefactual. Until a new method to free the membrane associated with membrane bound polysomes is available, it will not be possible to verify whether an increase in size class distribution of membrane-bound and total polysome fraction similar to the one observed in free polysome fraction occurs at low temperature. Given the present isolation conditions, the free polysome fraction rather than membrane-bound or total polysome fractions more correctly reflects the influence ofgrowth at low temperature on polysome size class distribution.
The presence of larger polysomes suggests that polysomal activity is modified in rye grown at low temperature. It has recently been demonstrated in mammalian tissues that a higher polysomal activity was correlated with larger polysomes (19) . Larger and more active polysomes could result from a more rapid initiation. Alternatively, larger and less active polysomes could result from a slower termination of protein synthesis (8) .
It is useful to note that some KCI-dissociable and/or acidic proteins were modified in RH polysomes while none of the basic (core) ribosomal proteins were affected by growth at low temperature. Some of these KCI-dissociable and/or acidic proteins (also identified as peripheral ribosomal proteins) are known to have an enzymic function or to be factors required for protein synthesis and consequently would affect ribosomal function (5, 30) . We cannot assess at this time whether the presence of larger polysomes results from modifications to these proteins but it is interesting to note that a KCl-dissociable polypeptide of 116 kD has been identified as one of the subunits of initiation factor 3 (eIF3) in wheat germ (5). We do not know yet whether the RNH 117 kD polypeptide, which is apparently replaced by a 140 kD polypeptide in RH, is a subunit of eIF3. If it were, however, the RH eIF3 could have a different conformation which might be more active than RNH eIF3.
Following growth of rye seedlings at low temperature, the melting points of both the ribosomes and the isolated rRNA decreased. A similar decrease was observed in black locust (1) . Unlike black locust, however, in rye there was no change in the degree of hyperchromicity or in the complement of basic ribosomal proteins. This latter observation is not in agreement with an earlier suggestion, based on indirect evidence, that at least 17 basic ribosomal proteins are modified in wheat seedlings at low temperature (9) . In other experiments (data not shown), we were unable to detect any significant change in the electrophoretic mobility of ribosomal RNA from RNH and RH tissues. This suggests that there are no major changes in the rRNA primary sequence during growth at low temperature (23) . The detectable change in the rRNA makes it appear unlikely that the lower melting point would result from a change in the rRNAribosomal protein association.
A change in the melting point of ribosomes with the growing temperature, but without any change in hyperchromicity, has been reported for thermophilic bacteria (6) . This combination of results could be explained by considering the extent of base pairing in the rRNA. In bihelical rRNA, unlike DNA, A and U and C and G bases are not all paired and the extent of pairing is variable. A higher degree ofhyperchromicity is generally believed to reflect a higher proportion of A-U bases which are paired while a lower melting point indicates a lower proportion of paired G-C bases (1, 6) . It is possible then that the observed decrease in the melting points of RH ribosomes and rRNA could result from a lower proportion of paired G-C bases. A lower proportion of paired G-C bases could itself result from changes in the binding of cations and/or polyamines to the rRNA during rRNA maturation (6) .
The proportion of paired G-C bases would have an impact on the stability of ribosomes at the lower growth temperature. It has been shown that the secondary structure ofRNA can be predicted either by base sequence or by selecting the base pairing scheme which is favored in terms of free energy level (25, 26) . At lower temperature, the free energy values for A-U and G-C base pairs decrease (26) . Given the same proportion of paired G-C bases, a bihelical RNA structure would then be more stable at 0°C than at 40C. On the other hand, a lower proportion of paired G-C bases during either the maturation of rRNA and/or the assembly of ribosomes at 5°C would be expected to maintain a free energy level similar to that at 20°C. Since a decrease in the proportion of paired G-C bases affects the secondary structure of rRNA (26) , it would clearly alter the ribosome conformation and consequently the ribosomal activity (8) . Any adaptation of ribosomes which might enhance fidelity and efficacy of translation at different temperatures (1, 6) 
